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ABSTRFCT 

Ground wave r a d i o  p ropaga t ion  can be used f o r  e s t a b -  
l i s h i n g  an over - the-hor izon  communications c i r c u i t  on t h e  Moon. 
A method f o r  computing t h e  r e q u i r e d  t r a n s m i t t e r  power f o r  t h i s  
c i r c u i t  u s ing  f r e q u e n c i e s  i n  t h e  1 0 0  kHz t o  1 0  MHz band i s  
p r e s e n t e d  h e r e .  I n  g e n e r a l ,  f r e q u e n c i e s  above t h i s  band t e n d  
t o  be h i g h l y  a t t e n u a t e d ,  whi le  equipment l i m i t a t i o n s  a t  f r e -  
q u e n c i e s  below t h i s  band p r e c l u d e  adequate  bandwidth fo r  communi- 
c a t i o n s .  

P r i n c i p a l  parameters  of  i n t e r e s t  are t h e  p ropaga t ion  
loss ,  an tenna  g a i n s  and r e c e i v e d  n o i s e  power. P ropaga t ion  loss 
i n c r e a s e s  w i t h  i n c r e a s i n g  f requency ,  pa th  l e n g t h ,  and/or  h e i g h t  
o f  t h e  i n t e r v e n i n g  t e r r a i n .  
c r e a s i n g  f r equency ,  wh i l e  n o i s e  e f f e c t s  d e c r e a s e  w i t h  i n c r e a s i n g  
f requency  . 

Antenna g a i n  i n c r e a s e s  w i t h  i n -  

As shown i n  a sample c a l c u l a t i o n ,  o n l y  2 5 0  n i l l i w a t t s  
of t r a n s m i t t e d  power a t  3 M H z ,  and a 15  meter t r a n s m i t  monopole 
an tenna  are r e q u i r e d  t o  e s t a b l i s h  a v o i c e  c i r c u i t  o v e r  a 
h y p o t h e t i c a l  5 k i l o m e t e r  l u n a r  p a t h .  Thus, from t h e  s t a n d p o i n t  
of equipment we igh t  and power l i m i t a t i o n s  ground wave 
p r o p a g a t i o n  i n  t h i s  f requency band i s  an a t t r a c t i v e  t e c h n i q u e  
f o r  e s t a b l i s h i n g  over - the-hor izon  communications on t h e  Moon. 

I r r e g u l a r  t e r r a i n  f e a t u r e s ,  such as c ra te rs ,  h i l l s ,  
etc.  , which i n t e r c e p t  t h e  r a d i o  p a t h  cou ld  s u b s t a n t i a l l y  
i n c r e a s e  ground wave a t t e n u a t i o n .  Empi r i ca l  d a t a  i s  r e q u i r e d  
on t r a n s m i s s i o n  over E a r t h  p a t h s  w i t h  e l e c t r i c a l  and p h y s i c a l  
c h a r a c t e r i s t i c s  s i m i l a r  t o  t h e  l u n a r  s u r f a c e  t o  p r o v i d e  b e t t e r  
estimates of t h e  excess ground wave a t t e n u a t i o n  on l u n a r  p a t h s  
c o n t a i n i n g  t h e s e  i r r e g u l a r i t i e s .  
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MEMORANDUM FOR F I L E  

1 . 0  INTRODUCTION 

Because o f  t h e  i r r e g u l a r  t e r r a i n  and c u r v a t u r e  of  
t h e  l u n a r  s u r f a c e ,  l i n e - o f - s i g h t  r a d i o  p ropaga t ion  on the  
Moon q u i c k l y  becomes o b s t r u c t e d  as t h e  d i s t a n c e  between te r -  
mina l s  i n c r e a s e s .  C e r t a i n  o t h e r  Ear th- type  p ropaga t ion  t ech -  
n iques  are e i t h e r  u n s u i t a b l e  o r  imposs ib l e  f o r  use  on t h e  Moon. 
For  example, kn i fe -edge  d i f f r a c t i o n  a t  microwave f r e q u e n c i e s  
r e q u i r e s  a s h a r p  mountain peak o r  c r o s s - p a t h  r i d g e  between 
t h e  t e r m i n a l s ;  t h i s  c o n f i g u r a t i o n  w o n ' t  e x i s t  i n  m o s t  cases. 
I o n o s p h e r i c  r e f l e c t i o n  o r  t r o p o - s c a t t e r  p ropaga t ion  used  on 
E a r t h  i s  n o t  p o s s i b l e  on t h e  Moon due t o  t h e  absence of an 
atmosphere.  

Thus, e i t h e r  two-way E a r t h  r e l a y  o r  ground wave 
p r o p a g a t i o n  o v e r  t h e  l u n a r  s u r f a c e  remain as p o s s i b l e  t ech -  
n i q u e s  f o r  e s t a b l i s h i n g  l u n a r  communications beyond t h e  h o r i z o n .  
Ground wave p ropaga t ion  i n  t h e  1 0 0  kHz t o  1 0  MHz f requency  band 
i s  i n v e s t i g a t e d  h e r e .  I n  g e n e r a l ,  f r e q u e n c i e s  above t h i s  band 
t e n d  t o  be h i g h l y  a t t e n u a t e d ,  w h i l e  equipment l i m i t a t i o n s  a t  
f r e q u e n c i e s  below t h i s  band p r e c l u d e  adequate  bandwidth f o r  
communications between t h e  landed l u n a r  module (LM) and t h e  
e x t r a - v e h i c u l a r  a s t r o n a u t  (EVA) o r  l u n a r  rov ing  v e h i c l e  (LRV) . 

T o  compute t h e  r e q u i r e d  t r a n s m i t t e r  power, t h e  propa- 
g a t i o n  loss, an tenna  g a i n s  and r e c e i v e d  n o i s e  power are param- 
e ters  t h a t  must be determined.  Each o f  t h e s e  pa rame te r s  i s  
d i s c u s s e d  i n  t h e  n e x t  paragraphs .  F i n a l l y ,  a sample c a l c u l a t i o n  
f o r  de t e rmin ing  t h e  r e q u i r e d  t r a n s m i t t e r  power on a f i v e  k i l o -  
meter, over - the-hor izon  c i r c u i t  a t  a f requency  of  3 MHz i s  
p r e s e n t e d .  

2.0 PROPAGATION LOSS 

Ground wave p ropaga t ion  loss between i s o t r o p i c  
a n t e n n a s  i s  g i v e n  by: 
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L = 32.45 + 20  l o g  dkm + 20 l o g  FMHz + At + A. dB 
P 

where : 

- - 
dkrn 

- - 
FMHz 

- 
At - 

- 
- 

d i s t a n c e  between an tennas  i n  km. 

f requency i n  MHz 

ground wave a t t e n u a t i o n  due t o  smooth and 
curved l u n a r  t e r r a i n  

ground wave a t t e n u a t i o n  c o r r e c t i o n  f a c t o r  
f o r  i r r e g u l a r  l u n a r  t e r r a i n .  

The f i rs t  t h r e e  terms a r e  simply t h e  f r e e  space  loss. The 
ground wave a t t e n u a t i o n  due t o  smooth and curved l u n a r  ter- 
r a i n ,  A t ,  i s  d e r i v e d  f r o m  a s e t  of curves  p r e s e n t e d  i n  
Reference 1. A sample of these cu rves  i s  g iven  i n  F igu res  1 
and 2.  

f requency  and d i s t a n c e .  The t e r m ,  Ao, ha s  been c a l c u l a t e d  f o r  
a number of  i d e a l i z e d  t e r r a i n  f e a t u r e s  i n  References 2 and 3 .  

From F igure  2 ,  n o t e  that  At i n c r e a s e s  wi th  i n c r e a s i n g  

* 

Reference 2 d e s c r i b e s  t h e  case of  a smooth, poor ly  
conduct ing ,  c y l i n d r i c a l  shaped h i l l  between t h e  t w o  an tennas .  
A cu rve  of  A. as a f u n c t i o n  of h i l l  h e i g h t ,  p a t h  l e n g t h ,  and 

wavelength i s  reproduced i n  F igure  3 .  

The case o f  a p e r f e c t l y  conduct ing  curved s u r f a c e  
w i t h  a knife-edge o b s t a c l e  on t h e  p a t h  i s  d e s c r i b e d  i n  
Reference 3 .  Curves of A. as a f u n c t i o n  of knife-edge h e i g h t ,  
p a t h  l e n g t h ,  p o s i t i o n  of t h e  kni fe -edge  on t h e  p a t h ,  and wave- 
l e n g t h  are p r e s e n t e d  i n  Reference 3. 

3 .0  ANTENNA GAIN 

For mobile u s e ,  t he  ve r t i ca l  monopole antenna appears  
t o  be t h e  most p r a c t i c a b l e .  Th i s  an tenna  i s  omni -d i r ec t iona l  
i n  t h e  h o r i z o n t a l  p l a n e  and is e a s i l y  mounted on the LM, EVA 
o r  LRV. (Other  t y p e s  o f  antennas of i n t e r e s t  here a r e  t h e  
h o r i z o n t a l  d i p o l e  and t h e  Beverage an tenna;  however, bo th  of 
these antennas  are semi-fixed and d i r e c t i o n a l  i n  t h e  h o r i z o n t a l  
p l a n e .  ) 

*Empir ica l  d a t a  i s  needed t o  estimate A. f o r  random and 
i r r e g u l a r  t e r r a i n  f e a t u r e s  on t h e  Moon, e.g., craters and h i l l s ,  
which i n t e r c e p t  t h e  r a d i o  path.  
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The g a i n  above i s o t r o p i c  (Gt-Lt)  o f  a 15 meter t r a n s -  
m i t  monopole an tenna  i s  about  - 4 4  d B  a t  1 0 0  kHz and i n c r e a s e s  
a t  about  1 2  d B  p e r  oc t ave  of frequency up t o  1 MHz ( F i g u r e  4 ) .  
The l a r g e  n e g a t i v e  g a i n  i s  a t t r i b u t e d  t o  t h e  ground proximi ty  
loss ,  Lt' 

Since  a 15  meter monopole antenna i s  s h o r t  compared 
t o  any wavelength i n  t h e  1 0 0  kHz t o  1 MHz frequency band, t h e  
an tenna  must b e  tuned.  While t u n i n g  p rov ides  i n c r e a s e d  
r a d i a t e d  power, a narrowband system i s  t h e  u n d e s i r a b l e  r e s u l t .  
Tuning assumed i n  F i g u r e  4 provides  a bandwidth of 2.5 kHz. 
To i n c r e a s e  t h e  bandwidth t o  10  kHz, an impedance matching, 
reactive (lossless) network i n  combination w i t h  a r e s i s t i v e  
l o a d i n g  network could  be  used. For f r e q u e n c i e s  approaching 
1 0  MHz, the monopole an tenna  becomes i n c r e a s i n g l y  more reso- 
n a n t ,  and less t u n i n g  is  r e q u i r e d  t o  ach ieve  t h e  d e s i r e d  band- 
wid th .  

4.0 N O I S E  EFFECTS 

For a 15  m e t e r  r e c e i v e  monopole an tenna ,  t h e  major 
c o n t r i b u t o r  of  n o i s e  power t o  t h e  r e c e i v i n g  system i s  g a l a c t i c  
n o i s e .  The n o i s e  power from t h i s  sou rce  can b e  c h a r a c t e r i z e d  
by an  e x t e r n a l  n o i s e  f a c t o r ,  fe .  
Menzel and H a r t z  (F igu re  5)  i n d i c a t e s  t h a t  f e  can be approxi-  
mated by: 

Empir ica l  d a t a  taken  by 

f e  = 5.012 1 0  FMHz (0.5 - < FMHz - < 1 0 )  (Har t z )  

5 - 2 . 3  (lo < FMIJz - < 2 0 0 )  (Menzel) f e  = 1.585 1 0  FMHz 

6 - 3  > 200)  (Menzel) ( F~~ z f = 6 . 4 6 7  1 0  Fmz 

4 - 1 . 8  

- 

e 

O t h e r  thermal  n o i s e  g e n e r a t o r s  such as ground ohmic l o s s e s ,  
t r a n s m i s s i o n  l i n e  loss  and t h e  r e c e i v e r  c o n t r i b u t e  n e g l i g i b l e  
amounts of n o i s e  compared t o  t h e  g a l a c t i c  ( e x t e r n a l )  n o i s e .  

5.0 SAMPLE CALCULATION 

A sample c a l c u l a t i o n  of r e q u i r e d  t r a n s m i t t e r  power 
i s  p r e s e n t e d  h e r e .  The assumed t e r r a i n  c h a r a c t e r i s t i c s  des- 
c r i b e d  i n  T a b l e  I approximate a pa th  p r o f i l e  ( P r o f i l e  B )  
e x t e n d i n g  from an a c t u a l  A p o l l o  l a n d i n g  s i t e  ( L i t t r o w ) .  Thus, 
t h i s  h y p o t h e t i c a l  case i s  r e p r e s e n t a t i v e  of l u n a r  t e r r a i n  which 
w i l l  b e  encountered  on f u t u r e  mis s ions .  
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TABLE I: 

Dis t ance  (dkm) 

T e r r a i n  

Number of S o i l  Layers*  

- 4 -  

T e r r a i n  C h a r a c t e r i s t i c s  

5 km 

Smooth c y l i n d r i c a l  h i l l  
w i t h  h e i g h t  = 1 0 0  m. 

2 

Upper Layer Height ,  (11)* 1 0 0 0  m. 

S o i l  Conduc t iv i ty  , Upper Layer, ( u  1) * 
S o i l  Conduc t iv i ty ,  L o w e r  Layer ,  ( u 2 ) *  

mho/m. 

mho/m. 

Dielectric Cons tan t ,  Upper L a y e r ,  (~~-1 * 
Dielectric Cons tan t ,  Lower L a y e r ,  ( E ~ ~ )  * 

2 

20 

The l a s t  s i x  of t h e s e  c h a r a c t e r i s t i c s  are a p p l i c a b l e  t o  F igu re  1. 
The parameters KV and BVo determined from F i g u r e  1 are r e q u i r e d  
t o  e v a l u a t e  A t  i n  F igu re  2 .  

t h e t i c a l  l i n k  are shown i n  Table  11. 
C i r c u i t  characterist ics a s s o c i a t e d  w i t h  t h i s  hypo- 

TABLE I1 : C i r c u i t  C h a r a c t e r i s t i c s  

Frequency ( FMHz ) 3 M H Z  

Receive Antenna G a i n  ( G r )  

( i n c l u d i n g  l i n e  l o s s )  

0 d B  

Required S N R  ( S N R  ) 15 d B  

Bandwidth (B) 1 0  kHz 
req 

*Parameters taken  from "A Study o f  Lunar Sur face  Radio 
Communication1' (see Reference 1). 
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To determine t h e  r e q u i r e d  t r a n s m i t t e r  pc.rer t h e  
fo l lowing  e q u a t i o n  i s  a p p l i c a b l e  : 

Pt = 32.45 + 20 l o g  dkm + 20 l o g  FMHz + At + A. + (Lt-Gt) 

+ Fe + B + 1 0  l o g  k To dBW 
req  

- Gr + SNR 

For t h i s  example t h e  equa t ion  y i e l d s ,  

(c) At: The c h a r a c t e r i s t i c s  l i s t e d  i n  Table  I d i c t a t e  
t h e  use  of F igu re  1 t o  determine t h e  t w o  param- 
eters,  KV and BV . 0 

Thus, 

0 

KV = 0 . 0 4  and BV % 9 0 °  

i n  F igure  2. Thus, 1 - 1 /3  
dkm At i s  p l o t t e d  vs .  Xo - FMHz 

X i  = 3 l l 3  5 = 7.22 

and 

At = 32 dB. 

( d )  Ao: Th i s  parameter  i s  d e r i v e d  f r o m  F igu re  3. To 
use  t h i s  F igu re ,  d/h and h/h must b e  c a l c u l a t e d ,  
where d i s  p a t h  d i s t a n c e ,  h i s  h i l l  h e i g h t ,  and 
X i s  wavelength.  

Thus, 

T h e r e f o r e ,  A. = 1 0 . 6  dB. 



BELLCOMM, INC. - 6 -  

(e )  (Lt-Gt) : The t e r m  (Gt-Lt) i s  t aken  from F igure  4. Thus, 

Lt-Gt = 6 dB ( i n c l u d i n g  l i n e  loss) 

( f )  GR = 0 dB from Table  I1 

( h )  Fe = 1 0  l o g  fe :  

1 0  l o g  (5.012 1 0  - ) = 7.0 + 40 - 8.6 d B  ,1.8 
MHZ 

= 3 8 . 4  dB 

(i) B = 1 0  l o g  l o 4  = 40 dB 

(1) 1 0  l o g  k To = -204  dBW/Hz 

where k = Boltzmann's c o n s t a n t  

= 290°K r e f e r e n c e  t empera tu re  
TO 

( k )  The re fo re ,  Pt = -6 dBW (250 m i l l i w a t t s )  

6 . 0  SUMMARY AND CONCLUSIONS 

A method f o r  computing t h e  r e q u i r e d  t r a n s m i t t e r  power 
f o r  ground wave propagat ion  beyond t h e  l u n a r  ho r i zon  has  been 
p r e s e n t e d .  P r i n c i p a l  parameters  of i n t e r e s t  are t h e  propa- 
g a t i o n  loss, antenna  g a i n s  and r e c e i v e d  n o i s e  power. Propagat ion  
loss i n c r e a s e s  w i t h  i n c r e a s i n g  f requency ,  p a t h  l e n g t h  and/or 
h e i g h t  of  i n t e r v e n i n g  t e r r a i n .  Antenna g a i n  i n c r e a s e s  wi th  
i n c r e a s i n g  f requency ,  whi le  n o i s e  e f f e c t s  d e c r e a s e  w i t h  i n -  
c r e a s i n g  frequency.  
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As shown i n  t h e  sample c a l c u l a t i o n ,  on ly  250 m i l l i -  
w a t t s  of t r a n s m i t t e r  power a t  3 MHz is r e q u i r e d  t o  e s t ab l i sh  
a v o i c e  c i r c u i t  over a h y p o t h e t i c a l  5 k i l o m e t e r  l u n a r  pa th .  
Thus, from t h e  s t a n d p o i n t  of equipment weight  and power 
l i m i t a t i o n s  ground wave propagat ion i n  t h e  1 0 0  kHz t o  1 0  MHz 
frequency band i s  an a t t r a c t i v e  technique  f o r  e s t a b l i s h i n g  
over- the-horizon communications on t h e  Moon. 

A t  p r e s e n t ,  e m p i r i c a l  d a t a  i s  needed t o  e s t i m a t e  
A f o r  random and i r r e g u l a r  t e r r a i n  f e a t u r e s  on t h e  Moon, 
e .g . ,  craters and h i l l s ,  which i n t e r c e p t  t h e  radio pa th .  These 
f e a t u r e s  may s u b s t a n t i a l l y  increase t h e  ground wave 
p ropaga t ion  loss and consequent ly ,  h ighe r  t r a n s m i t t e r  power 
may be r e q u i r e d  t o  s u s t a i n  a c i r c u i t  o v e r  i r r e g u l a r  t e r r a i n  as 
compared t o  smooth t e r r a i n .  Transmission measurements on 
E a r t h ,  ove r  s u r f a c e s  w i t h  p h y s i c a l  and e l e c t r i c a l  parameters  
s imi l a r  t o  t h a t  on t h e  luna r  s u r f a c e ,  would provide  such 
e m p i r i c a l  data and are recommended f o r  f u t u r e  tests. 

0 

Z O 3 4 -KHS-ulg K.  H. Schmid 
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FIGURE 1 Kv AND B t  FOR TWO LAYERS, UPPER LAYER HEIGHT: 1000 m. 
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FIGURE 2 - GROUND WAVE ATTENUATION FOR ZERO ANTENNA HEIGHTS, 
B t  = 900 (FROM REFERENCE 1) 
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FIGURE 3- EXCESS ATTENUATION (REFERENCED TO FLAT SURFACE) DUE TO 
A SMOOTH HILL  BETWEEN ANTENNAS. FROM REF. 2 
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SUBJECT: Required Transmitter Power for FROM: K. H. Schmid 
Ground Wave Radio Propagation 
Beyond the Lunar Horizon in the 
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